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Summary This study describes a new technique for the visualisation and quantitation of glandular epithelial
cell proliferation in gastrointestinal mucosa using computerised three-dimensional reconstruction. The tissue
used in this study was colorectal biopsy tissue infiltrated in vitro with bromodeoxyuridine (BrdU), although the
method could be applied to any gastrointestinal site labelled with any specific marker for cell proliferation.
The method is as follows. Five-micron-thick serial sections (> 100) were cut from colorectal biopsies infiltrated
in vitro with BrdU. After labelling all the sections for BrdU-positive cells using standard immunohistochemis-
try, colorectal glands were identified which were completely sectioned within the series. Each microscopic
image of the sectioned gland was orientated, digitised and stored using a Kontron image analyser. On each of
the stored images, the crypt profile, the positive cells and the negative cells were interactively marked and
digitally stored. Using three-dimensional (3-D) reconstruction software, the outer surface of the crypt, the total
positive and the total negative fractions could be viewed in three dimensions. The total BrdU-positive cell
number could be automatically calculated for the comnplete crypt or, alternatively, compartmental analysis of
the labelling pattern within the crypt could be obtained. This represents a powerful technique: it does not
require orientation, it can be carried out on complex glandular structures and is not affected by the biases
involved in measuring labelling indices from single tissue sections.
The analysis of cell proliferation in gastrointestinal
epithelium is important in assessing early growth changes in
hyperplasia and neoplasia.
Conventional methods of assessing proliferation in gastro-
intestinal glands require the tissue to be orientated to ensure
longitudinal sectioning of complete glands. As cellular pro-
liferation is spatially distributed along the length of the gland
(i.e. in the normal colon the proliferating compartment
occupies the lower third of the crypt), complete glands need
to be defined in which the base, middle and mouth of the
gland are in the same plane of section (Wright & Alison,
1984). This often requires the examination of serial sections;
it can only be achieved in normal, 'tube-like', glandular
structures, and difficulty in obtaining a complete axial glan-
dular section increases with the length of the gland.
Measurement of proliferation is usually carried out by the
calculation of a labelling index for a particular marker
(number of positively labelled cells/total number of labelled
and non-labelled cells). Ratios in biological analysis are,
however, notoriously problematic and can be misleading
(Sokal & Rohlf, 1981; Braendgaard & Gundersen, 1986) as
changes in the denominator (total cell population) can con-
fuse the result. For example, in dogs it has been shown that
in gastric hyperplasia induced by prostaglandins, an increase
in the number of proliferating cells within a gland does
occur. However, when measured as ratio of total glandular
cell number, this change is masked by a concurrent increase
in the numrber of non-proliferating cells (Goodlad et al.,
1989).
As cell proliferation in gastrointestinal mucosa occurs in
distinct units (i.e. glands), one can recognise the gland as a
compartment and use this as the denominator, expressing
labelling indices as the number of labelled cells per gland.
This can be carried out on well-orientated, axially sectioned
glands, and morphometric measurement of glandular dimen-
sions (e.g. column length and crypt diameter) can provide an
index of the gland cell population size (Wright et al., 1989).
Alternatively, a method has been described (Clarke, 1973;
Ferguson et al., 1977; Goodlad et al., 1991) which involves
the microdissection of glands, squash preparation and the
counting of mitoses (positive fraction) per whole gland. This
whole-gland analysis has a number of advantages over sec-
tioned tissue: (i) longitudinal orientation of samples is not
necessary and (ii) possible axial migration of mitotic cells
(Tannock, 1967) will not introduce errors in the calculations.
Such techniques are, however, largely limited to normal or
near-normal epithelial glands.
We describe here an alternative method of measuring pro-
liferating cells within the whole-gland compartment in
colorectal mucosa using computerised image analysis and
three-dimensional (3-D) construction.
Materials and methods
Patients
The colonic mucosal samples used in this study were
obtained at colonoscopy from patients in high-risk groups
for colorectal cancer and in low-risk controls. This material
forms part of an ongoing project in this centre.
Serial sections and immunohistochemistry
Mucosal biopsies were incubated with BrdU (1,000 tLM BrdU
for 90 min), resulting in uptake of the thymidine analogue by
cells actively synthesising DNA. They were then fixed in 70%
ethanol, processed and embedded in paraffin wax. Serial
sections of the mucosa were carefully cut at 5 jim thickness.
Although the number varied, at least 100 serial sections could
be cut from a single block at one time.
Each section was then processed using a standardised pro-
cedure as follows. After dewaxing, the DNA was denatured
in 1 M hydrocholoric acid at 37°C for 12 min. After thorough
rinsing in phosphate-buffered saline (PBS), the sections were
sequentially incubated with monoclonal mouse anti-BrdU
(M744, Dako) (Bu20a), biotinylated rabbit anti-mouse
(Fab')2 antibody (E413, Dako) and streptavidin-biotin-
peroxidase complex (K377, Dako). Diaminobenzidine tetra-
hydrochloride (Sigma) was applied to give a brown
end-product for visualisation and the slides were counter-
stained with haematoxylin, dehydrated and mounted in syn-
thetic resin.
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Image analysis and 3-D reconstruction
The system used for image storage and reconstruction was a
Kontron VIDAS image analyser (Kontron, Germany). This
comprises an IBM AT 386 with a frame grabbing board and
digitising tablet. The software for image capture, processing,
analysis and 3-D reconstruction was Kontron VIDAS v2.1
and Kontron 3-D reconstruction package v2.0. A user appli-
cation program in Kontron VIDAS macro language was
developed to facilitate the procedure. Digital images were
stored on a read/write DPL Optistore 650 megabyte optical
disk drive.
The serial sections were previewed to identify glands which
were complete within the sectioned volume (Figure 1). Each
Figure 1 Photomicrographs taken from a series of serial sections demonstrating a colorectal gland (arrow) completely sectioned
within the volume. The micrographs can be read from left to right and only alternate sections are illustrated. The darkly staining
nuclei in the colorectal epithelium are BrdU positively labelled cells.THREE-DIMENSIONAL ANALYSIS OF GLANDULAR CELL PROLIFERATION 1029
slide in the series was orientated and the image of the sec-
tioned gland digitally stored as a 512 x 512 pixel colour )
image. Orientation was carried out by using the closest fit of
the gland in question and the surrounding structures......
Sequential histological images were stored on optical disk
drive for later retrieval.
Each image in the series was then recalled from disk and
analysed for subsequent 3-D reconstruction. For each image,
the basement membrane was interactively traced using an
on-line cursor overlying the image (Figure 2). The tracing
was then stored digitally as a binary image. BrdU-negative
cells were then highlighted and their positions stored (Figure
3). Finally, BrdU-positive cells were marked and stored as
before (Figure 4). As the original histological images were
stored digitally, this allowed direct comparison between
sequential pairs of sections to ensure that the same cells were
not counted twice.
6~~~~~
Figure 4 Highlighted BrdU-positive cells (red). These cell posi-
tions were again stored for reconstruction.
~~~~~~~~~~~~~~.S ...............--^'.i_
Three-dimensional reconstruction
The binary images were automatically scanned by the 3-D
...g,o Ot, > ° reconstruction software and entered as a level in the recon-
struction. After all images were entered, the complete gland
could be reconstructed and stored to disk.
AN ~~~~~~~~~~~~Several means of viewing reconstructed images were
available, and images could be rotated to any angle for
examination. Data for basement membrane, negative and
positive cell coordinates were registered in different channels,
allowing separate or combined analysis of reconstructed
images (Figures 5 and 6). Colours could be linked to the
different channels, improving the analysis of positive and
@ diA~A negative BrdU fractions within the crypt (Figure 6). In addi-
Figure 2 For each tissue section, the basement membrane of the tion, real-time rotations of the gland could be carried out by
gland was traced. This could be seen as a green line overlying the image animation.
image. This line was then converted into a binary image and
entered as a level into the 3-D reconstruction. Quantitative assessment ofthe 3-D reconstruction
...^.3.111M( The binary images which were used for the 3-D reconstruct-
........ ~ioncould also be subjected to quantitative analysis. Each
binary image in the series was automatically analysed using
the VIDAS system, and the number of positive and negative
BrdU cells which had been recorded were counted. This
allowed the following parameters to be measured.
1. Total number of BrdU-positive cells per gland.
2. Total BrdU labelling index (positive/negative + positive
cells) per gland.
~~~~~~~ F ~~~~~~~~~~~~~~~~~Rotation
I ~~~~~~~~~~~~~100.00
I ~~~~~~~~~~~~~~~~~Tilt
100.00
I ~~~~~~~~~~~~~Elevation
~~~~g.** ~~~~~~~~~~~~~0.00
Zoom
0.90
Z-extension
0.01
Structure
Figure 3 Highlighted negative epithelial cells (green). These cell Gred .005 Section 1 to 35 Step 1
positions were entered as the same level into the reconstruction
but into a different colour channel. Figure 5 Reconstruction of the basement membrane only.1030 P.W. HAMILTON et al.
Table I Labelling calculations for the reconstructed gland shown in
Figure 6. This is a hyperplastic gland from a patient with a family
history of colorectal cancer and shows an increased overall labelling
index and movement of S-phase cells into the upper compartments
of the gland
Total cells in gland 5,854
Total BrdU-labelled cells per gland 618
Total labelling index 11%
Compartmental labelling indices
Bottom third 19%
Middle third 13%
Top third 1%
Figure 6 The use ofcolours was particularly useful in interpreta-
tion of reconstructed images. This illustrates a colorectal gland
from a patient with a family history of colorectal cancer. The
green points represent BrdU-negative epithelial cells; the red
points indicate the position of BrdU-positive cells. Notice that
the red cells extend beyond the lower third of the crypt. Images
such as this could be rotated in 3-D space and viewed at any
angle.
3. Three-dimensional (boxes) could be interactively posi-
tioned, allowing the measurement of compartmental
indices for the reconstructed gland and an assessment of
the pattern of proliferation throughout the gland (Figure
7). The glands could be divided into thirds or fifths on the
basis of gland cell numbers counted from the base to the
mouth on the most central longitudinal section from the
gland.
Results
The method was time-consuming but provided valuable data
on the spatial distribution ofproliferation within a gland and
on the number of proliferating cells in relation to the entire
gland unit. The quantitative data obtained for the gland in
Figure 6 are listed in Table I. The fact that this is a hyper-
plastic gland from a high-risk patient is reflected in the high
overall proportion of labelled cells in the gland and the
proportion of labelled cells occurring in the middle third of
the gland.
Figure 7 This demonstrates the definition of 3-D windows to
identify gland compartments in the calculation of compartmental
BrdU labelling indices.
The number of glands necessary to calculate a representa-
tive proliferative value for a particular case is difficult to
predict as gland-to-gland variation will depend on the tissue
and the nature of the disease being studied. An examination
of ten colonic glands from normal low-risk control patients
gave a mean number of labelled cells per gland of 115 with a
confidence interval of 99-131.
Interpretation of reconstructed images was greatly
facilitated by colour coding different image components and
by rotation of images.
Discussion
The study of tissues has been for many years based on tissue
section analysis which provides a (mostly) two-dimensional
view of a three-dimensional structure. This reduction of
dimensions (3-D-+2-D), results in lost information and leads
to observations which are biased (Howard, 1990). This is
almost certainly the case in many studies examining cell
proliferation in gastrointestinal mucosa from tissue sec-
tions.
It is clear, therefore, that a 3-D approach to the analysis of
cell proliferation in gastrointestinal epithelium is necessary
not only in the quantitative analysis of gland cell prolifera-
tion, but also in understanding the spatial relationship
between proliferating cells and gland architecture. The gland
microdissection technique described now in a number of
publications (Clarke, 1970; Ferguson et al., 1977; Goodlad et
al., 1991) represents a powerful method for examining the
total gland cell population. Relating the number of cells to
the gland compartment in this way has been shown to be
much more sensitive to proliferative changes than the cal-
culation of a labelling index.
The computerised 3-D reconstruction method described in
the current paper represents an alternative method of quanti-
fying proliferative changes and expressing these as total
labelled cells per gland. However, in contrast to the micro-
dissection approach, fresh tissue samples are not required
and the method can be used to examine stored paraffin-
embedded tissue. In addition, the method can be applied to
analysis of any marker for glandular proliferating cells that
can be identified on tissue sections, e.g. mitotic figures, Ki67,
BrdU and proliferating cell nuclear antigen (PCNA)
immunohistochemistry. Antibodies such as PC1O and MIBI
are proported to label proliferating cells in formalin-fixed,
paraffin-embedded tissue, so allowing the 3-D analysis of cell
proliferation in retrospective material. In essence, the spatial
distribution of any marked cell within gastrointestinal glands
can be examined in three dimensions using the methodology
outlined here.
An important addition to the software was the ability to
calculate compartmental indices provided both the labelled
and non-labelled cells are counted. This permits a more
accurate measure of alterations in the spatial distribution of
proliferating cells along the length of the gland and this, in
combination with a 3-D visual perspective, represents a
valuable analytical tool in the study of disease. Visualising
the positional distribution within the crypt is enhanced by
also being able to view the basement membrane in the recon-
structed object.THREE-DIMENSIONAL ANALYSIS OF GLANDULAR CELL PROLIFERATION 1031
The number of glands required to obtain a statistically
meaningful result depends on the variation in labelled cells
between glands. In glands from normal controls this was
shown to be quite high, although this depends on how small
a change one wishes to detect. Variation is likely to increase
in diseased colorectal glands. Goodlad et al. (1991) report
counting 15-20 glands per case using the microdissection
technique. This would be possible using the current method
but would be a time-consuming process. After serial sections
have been cut, assessing the same number of glands using
this computerised technique could take as long as 6 h. The
current approach, therefore, does not represent a method
which can be rapidly applied in the clinical setting but is
more suitable as an analytical and quantitative research tool
which has distinct advantages. The effort involved in recon-
structing glands can be reduced by counting only the posi-
tively labelled cell population and expressing this as number
per gland. Counting only the positive cells, however, pre-
cludes the calculation of compartmental indices unless the
gland is divided on the basis of its length or volume and
positive cells expressed as a number per compartment.
Visualisation of 3-D changes in glandular architecture and
shape is important, and using serial sections possible changes
introduced by removal of the gland from its surrounding
tissue are avoided. Previous workers have shown that the
examination of glandular structure in three dimensions pro-
vides additional useful information in the study of gastro-
intestinal neoplastic lesions (Takahashi & Iwama, 1984a,b;
Campbell et al., 1992). However, the current approach allows
glandular architecture to be examined in association with cell
proliferation, and this may provide additional useful inform-
ation on the proliferative and structural development of gas-
trointestinal neoplasia from its early stages. An important
potential use of the 3-D technique therefore lies in the
analysis of tortuous or branching glands which are not easily
microdissected (Goodlad et al., 1991). Such glands are found
in hyperplastic and adenomatous colorectal mucosa, and re-
construction techniques might provide a valuable insight into
the structural and proliferative characteristics of such lesions
in so far as the glands can be followed in 3-D space on serial
sections. This method should also be of use in the analysis of
proliferation in gastric fundal glands whose complexity
makes microdissection difficult (Goodlad et al., 1991).
The effort required increases with gland complexity. In
adenomatous lesions, not only does the size of the glands
increase, requiring the examination and reconstruction of a
larger number of tissue sections, but the reconstructed image
becomes more difficult to interpret. The value of image rota-
tion by animation and viewing the process of reconstruction
(i.e. the piling up of sequential profiles) on the computer
screen cannot be overemphasised. This provides a much
clearer insight into the spatial relationship of tissue structures
compared with static images of the reconstructed object (even
if surface rendering and shading algorithms are used) and so
enhances the perception of the third dimension. Three-
dimensional reconstructions of complex objects are therefore
difficult to convey graphically in journal articles such as
this.
Of course, the method described in this paper is not
restricted to the analysis of cell proliferation markers. It may
provide a more accurate means of assessing apoptosis, cell
differentiation, gene expression and other genotypic and
phenotypic markers in relation to the gland unit. Deciphering
the intricate cellular organisation seen within the gastrointes-
tinal gland in three dimensions is fundamental to our under-
standing of neoplasia and its detection at an early stage. This
method provides a tool whereby this organisation can be
better understood.
Future work should examine ways to increase the speed of
serial section analysis either by automated image analysis or
through the use of confocal laser scanning microscopy
(CLSM). CLSM allows optical sections of high resolution to
be taken through thick blocks of tissue, removing the need
for the time-consuming task of physical tissue sectioning and
section orientation. The equipment, however, is expensive,
and immunohistochemical methods need to be adapted and
fully investigated for thick tissue sections. The benefit of
computer-based reconstruction of serial physical sections is
that the equipment costs a fraction of the price of a CLSM
and standard immunohistochemistry can be applied. Never-
theless, the advantages of CLSM in 3-D analysis have been
demonstrated in several areas (Agard, 1984; Baak et al.,
1987; Brakenhoff et al., 1988; Kett et al., 1992) and are
currently being investigated by this group as a means of 3-D
reconstruction in colorectal gland analysis.
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